Summary: The insulin radioimmunoassay technique used for human insulin has been modified for measuring rabbit insulin (i) at lower concentrations of insulin in plasma, and (ii) more precisely.
Elf algebraische Funktionen wurden im Wechsel 53 Datensätzen angepaßt. Die Güte der Anpassung wurde in jedem Fall ermittelt.
Eine quadratische Gleichung wurde als beste Funktion für die Standardkurve des modifizierten Radioimmunoassay befunden, obwohl diese Funktion nicht notwendigerweise die beste für andere unterschiedliche Immunoassays ist.
introduction
As part of a programme for investigating models of the glucose-insulin control system, we intend to use rabbits as experimental animals, and to measure their plasma insulin precisely. Because all the published methods and the assay kits commercially available for measuring insulin by radioimmunoassay are primarily intended for human insulin, it was necessary to modify the procedures to measure rabbit insulin. This was for three reasons. First, the porcine insulin standards generally used do not produce the same results äs rabbit insulin standards. Secondly, insulin concentrations in rabbit plasma during fasting are lower than those for humans and are below the range of the usual standard curve. Thirdly, it was decided to restrict the range of standards so that only the steeper part of the standard curve was used in order to give better results.
Because the new method was sufficiently different from those established for measuring human insulin we could not assume that a logit equation was valid for the standard curve. It was therefore necessary to fit several algebraical functions and compare their suitability. Several authors have investigated various functions for insulin standard curves (1,2, 3). We have fitted many more functions and analysed the fit of each curve to the experimental data more rigorously.
Several elegant treatises have been published on how antigen-antibody systems should behave (4). Unfortunately most radioimmunoassays do not behave according to theory so it is not possible to fit theoretical standard curves to data, nor can one use simulation techniques to investigate the fit of standard curves (cf. the Michaelis-Menten equation (5)). It is necessary therefore to use empirical functions and then attempt to assess and compare their goodness-of-fit to the data (6). De-ionised water was used for all solutions. Plastic disposable tubes (1 ml) were obtained from Luckham Ltd., Burgess Hill, Sussex, England. Membrane filter discs were from the Radiochemical Centre. Dioxan-based liquid scintillation fluid was prepared according to Bray (9) .
Methods

Radioimmunoassay for rabbit insulin
Method
Six standard insulin concentrations were used: 13.6, 27.3,40.9, 54.6, 68.2 and 81.8 pmol/1. Into a 1 ml plastic tube were placed 100 ìÀ buffer, 50 ìÀ standard insulin solution, 150 ìÀ insulinfree plasma and 50 ìÀ insulin binding reagent. Each standard was measured in quadruplicate. The tubes were left at 4 °C for 24 h and then 50 ìÀ 1 12 *I]insulin was added. After a further two days at 4 °C the solutions were filtered through membrane filter discs by vacuum filtration and the discs washed twice with 1 ml washing buffer at 0 °C. The filter discs were transferred to empty counting vials and dried at 120 °C for 10 min. Scintillation fluid (10 ml) was added and the vials counted in a Packard Liquid Scintillation counter (model 3320) for a time such that at least 1000 counts were recorded for the highest standard, i.e. lowest count rate. 
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Curve fitting Background coXmt rates (about 30 countsVmin) were negligible compared with the count rates of the standards and were therefore. not subtracted. Each count rate Was usiH as a separate data point. A slandard^curve was fitted to 24 equaUy weighted points using non-linear regression (15, 15) . Recent work (MichaelisMenten equation) has shown that there is ho advantage iri calculating a weighted mean of the quadruplicates and then fitting a standard curve to the six means using appropriate weighting rather than using 24 equally weighted points (17) .
Model testing Previous assessments of |oodrie$s-or>fit of irtsulin RIA standard curves used mainly tne F-test (1, 2,.3). In this survey we have used 6 tests on each curve fitted: They ate dispussed in greater detail elsewhere (6) but they are briefly described below. where >Obs wa$ tne experimentally observed count rate and .Vcalc was the predicted value calculated by the curve fitting program. The lower the value of SSR, the better the goodnessof-fit. The second test plotted Rankits PS the residuals (y 0 bsy ca i c ). If the residuals were normally distributed the points lay close to a straight line. The third test plotted the residuals vs the independent variable (insulin concentration) and calculated a probability (P) that their distribution would have been expected from a normal distribution. This if often palled a "Runs test". The fourth test explored the sum-of-squares surface near the minimum. Generally, only models which fit data well give a symmetrical surface at this point. The fifth test was less quantitative and concerned the nature of convergence of the non-linear regression to a solution. Experience shows that convergence is slow or difficult with a poor model. The sixth test expressed the standard deviations of the parameter estimates as percentage coefficient of variation. With a good fit these are approximately equal. The results of these six tests were considered together to give an overall assessment of goodness-of-fit. Finally, the assessments for the curves fitted to each data set were compared and ranked according to their gpodness-of-fit.
Computer
The computer programs were written in IMP (an advanced language developed in Edinburgh from Algol and Atlas Autocode) and run on the IBM 350/155 a*t the Edinburgh Regional Computing Centre.
Results
Fifty three sets of experimental data were obtained altogether. Figure 1 shows one of these data sets. The fitted curve is a quadratic. The eleven functions were fitted to each data set in turn. At the completion of this stage it was apparent that three of the functions fitted the data poorly. They were: no. 2.3, the hyperbola of Täljedal & Wold (7); no. 2.6, the sigmoid of Täljedal & Wold (1); and no. 3.2, the function of fypvrn et al. (13) . This was apparent by the large number of occasions in which it was impossible to get the computer program to converge satisfactorily. Recently it has been pointed out to nie that functions 2.2 and 2.6 are mathematically identical. If in function 2.2 p l is replaced by In(/? 1 /p 3 ), and p3 by l/p 3 then function 2.6 is obtained. However the observation that one model, with a different arrangement of parameters, should fit better than the other is not unknown in model fitting. The fit of the remaining eight functions to each data set was then analysed by the model testing program. The results for one data set are given in table 1. Comparison of the fit of each function allowed the goodnessof-fit of each function to be ranked from 1 (the best) to 8 (the worst). Table 2 shows the rankings for each data set.
Discussion
Future work on modelling glucose homeostatis requires precise and accurate estimates of insulin in rabbit plasma. It has therefore been necessary to modify the existing method, for measuring insulin in human plasma, so that it will measure insulin in the rabbit. The first important modification is that rabbit insulin has been used as the standard. Unpublished work shows that the use of porcine insulin as a standard produces high estimates of rabbit insulin concentration, as much as 100% at some insulin concentrations. Secondly, precision has been increased by using only the steepest part of the standard curve. In practice, plasma samples may have to be diluted with plasma to bring them within the range of the abbreviated standard curve.
Because the assay has been modified there was no guarantee that the logit curve used for human insulin assays will be applicable. It was therefore necessary to determine the best function to use as a standard curve for the new assay. Many functions have been proposed for standard curves and, as far as can be ascertained, all of those published up to 1973 have been included in this survey. The number used here is greater than in previous surveys (1,2,3). It would be desirable to use a theoretically derived function (e.g. Feldman et al. (4)) for the standard curve. However, in practice, binding assay curves often do not appear to obey these theories. It was therefore necessary to use empirical functions.
One disadvantage of the current use of the logit curve is that the data is transformed so that a straight line can be fitted, although the logit function has been fitted directly (18) . It is well known in other areas of biochemistry (c.f. the Michaelis-Meriten equation, (5)) that transformation of data introduces bias into the fitting of functions, if the error is normally distributed, and will therefore lead to inaccurate results. In this survey all the functions were fitted directly by non-linear regression so that no bias was introduced, assuming a normal distribution of errors.
The problem then is to assess the goodness-of-fit to decide which, if any, of the empirical functions is the best. Taljdal & Wold (l)'Jchihara et al. (2) and Schönes-höfer (3) used principally the F-test, which is usually considered to be rather insensitive. Malan et al. (14) claimed to have applied many statistical tests in their survey of several functions, but full details of this work do not appear to have been published. The current survey is an improvement on these other studies, because a wide range of statistical tests of known reliability has been used (6) .
the results shown in table 2 show that from the mean and the median of its rank a quadratic function is better than any other, although it might not be significantly better than the logit function. Next in goodness-of-fit are the logit function and the cubic function, and here there is ho significant difference between the two. It is therefore proposed to use a quadratic function for the standard curve in all future work using this insulin assay. Since this manuscript was prepared,Marschner et al. " (19) have introduced the use of spline functions for standard curves. Although these functions have been used much in physics and technology for fitting curves to data, this example of their application to immunoassays appears to be the only one so far. Their work shows that a spline function can be used with ten different types of assay and overall it is better (although sometimes only marginally) than three other types of standard curves. Spline functions may therefore be applicable more generally than most other functions used to date for immunoassay standard curves, arid thus they need to be investigated more fully.
